T ermites are a natural methane source, contributing about 20 Tg CH 4 per year to the total global methane budget (500 to 600 Tg CH 4 per year) (1) . Emission of termite-derived methane is determined by the balance of methane production in the termite gut and oxidation. Considering that no evidence of termite gutinhabiting methane-oxidizing microorganisms (methanotrophs) has been found (2) , the methane produced is released into the atmosphere unmitigated. However, the mound material can act as a methane sink, where complete oxidation of termite-derived methane has been reported in mounds of the fungus-growing termite Macrotermes (3) . Hence, methane emissions would be higher if not for the methanotrophs inhabiting the mound, yet the methanotrophic community in these environments and, more specifically, the response of methane oxidation and community composition to termite activity are largely unknown.
Canonical methanotrophs requiring oxygen can be differentiated into type I (Gammaproteobacteria) and type II (Alphaproteobacteria) on the basis of the pmoA gene phylogeny (4, 5) . Type I methanotrophs include 15 genera to date, while 2 other genera, Methylocystis and Methylosinus, are grouped into type II. Methylocella, Methyloferula, and Methylocapsa are alphaproteobacterial methanotrophs, too, but they are phylogenetically distinct, belonging to the family Beijerinckiaceae. The physiology, biochemistry, and phylogeny of type I and type II methanotrophs have been reviewed repeatedly (6, 7) . More recently, the physiological characteristics of type I and type II methanotrophs have been correlated to their life strategies (8) . Methane monooxygenase (MMO) is the key enzyme in methane oxidation, existing as soluble (sMMO) and particulate (pMMO) forms. The pmoA and mmoX genes encode subunits of pMMO and sMMO, respectively, and have been used to examine methanotroph diversity in culture-independent studies (9, 10) . Some methanotrophs have a particularly high affinity for methane and can oxidize methane at low (Յ40 ppm by volume [ppm v ]) to atmospheric (1.7 ppm v ) concentrations (11) (12) (13) (14) . Besides a few cultivated Methylocystis spp., a plentitude of phylogenetically distinct pmoA sequences typically retrieved from forest, grassland, and meadow soils has been associated with atmospheric methane oxidation (15) (16) (17) . The respective methanotrophs have so far remained resistant to isolation, but the pmoA sequences form clusters that can be affiliated with type I (upland soil cluster ␥ [USC␥], JR2, and JR3) and type II (USC␣, RA14, and JR1) methanotrophs and a cluster positioned between characterized methane and ammonium monooxygenase (RA21).
In earlier studies of termite-derived methane emission, in situ gas flux was determined from entire termite mounds, implying that microbially mediated processes are homogenously distributed in the mound (18) (19) (20) . However, termite activity concentrates in the nest area and may modify the immediate mound environment, thus creating different habitats within a mound.
These modifications may have an adverse or stimulatory effect on microbial processes. Furthermore, for many fungus-growing termite mounds, in situ gas flux measurement is made challenging by the dimensions (diameter, ϳ18 m; height, ϳ5 m) of the mounds (21) . In this study, we investigated the response of methane oxidation to termite activity along a vertical profile through a termite (Macrotermes falciger) mound covering its base, active nest area, and chimney in order to determine the sites with potential methanotrophic activity. Hypothesizing that termite activity leaves an imprint on the methanotrophic community structure, we determined the community in the active nest area and an adjacent soil which served as a reference site using pmoA-based diagnostic microarray analysis.
MATERIALS AND METHODS
Description of study sites. The study site is located in the vicinity of Lubumbashi, Katanga Province, Democratic Republic of the Congo. The region forms part of the Miombo ecoregion, an area recognized to be of biological significance since the 2000s (22) . The average areal density of M. falciger mounds in the region is about 3 mounds ha Ϫ1 . The mounds are commonly in excess of 6 m high, have diameters of more than 20 m, and cover approximately 5% of the total land surface. The primary vegetation of the region is represented by Miombo woodlands. The rainfall distribution is unimodal, with the highest monthly averages occurring between November and March; the annual mean precipitation is 1,270 mm (23) . The in situ nest temperature in this type of mound is typically 27°C to 30°C (24) .
Sampling procedure. Mound materials were sampled from two active M. falciger mounds (mound 1, 11°33=48.47ЉS, 27°29=53.79ЉE; mound 2, 11°29=22.21ЉS, 27°35=53.96ЉE) in June 2011. The physiochemical properties of termite mound material from the same area have been documented before (21, 25) . The mounds were partially destroyed to sample a vertical profile through the chimney and nest and were left to recover for 3 months. Topsoil approximately 10 m from the mound served as a reference. Mound material was air dried, sieved at 2 mm, and stored at room temperature. In situ gas was sampled from different parts of the vertical profile (Table 1) in October 2011. To assess the active mound areas, holes were drilled to insert plastic tubes (diameter, 7 mm) fitted with filters (synthetic mesh) at the end. The tube was connected to a 60-ml syringe and a needle via a three-way valve acting as a sampling port. After inserting the tube, the hole was sealed with wet mound material (clay), the tubes were flushed using the syringe, and the setup was left to equilibrate for 1 h before sampling. Gas was collected in a preevacuated 12-ml gas-tight glass vial topped with a butyl rubber stopper in triplicate. The glass vials were transported back to the laboratory to determine CH 4 and CO 2 concentrations.
Preliminary on-site flux measurements. Preliminary batch incubations were performed in triplicate on-site using the active nest mound material, fungus comb (Termitomyces microcarpus), and worker termites, which were placed in 260-ml serum bottles at weights normalized to equal fresh weights. In all incubations, a moist filter paper was placed at the bottom of the serum bottle to increase humidity. Prior to incubation, ambient air was sampled for reference, the headspace was flushed, and the bottle was topped with a Teflon-coated rubber stopper. The bottles were incubated statically at 28°C in the dark. Changes in gaseous CH 4 and CO 2 concentrations were monitored over time (16 h). Gas was collected (volume, 13 ml) and stored in preevacuated glass vials for transport back to the laboratory to determine the gas concentrations.
Experimental setup. Soil slurry batch incubations were set up in triplicate in 120-ml bottles containing 5 g mound material and 5 ml autoclaved deionized water. Methane was added to the headspace at 12% (vol/ vol) in air, and the bottles were incubated at 28°C on a shaker (120 rpm) in the dark. In incubations under conditions with methane concentrations comparable to the in situ level, 5 g mound material and 5 ml autoclaved deionized water were mixed in 260-ml bottles, and methane was added at a concentration of approximately 40 ppm v (0.004% [vol/vol] methane) in the headspace. An additional incubation without mound material and with methane served as a control. Each incubation was performed in triplicate.
Determination of methane uptake and soil chemical parameters. The amount of methane in the headspace was measured using a compact gas chromatograph (Covenant Analytical Solutions, Belgium) and gas chromatography with a flame ionization detector (Shimadzu, Japan) in incubations under conditions with high and in situ methane concentrations, respectively. In incubations under conditions with the in situ methane concentration, the methane uptake rate was determined by linear regression by following methane depletion over time (26 days) after preincubation (26 days). Preincubation was performed under the same conditions with 0.004% (vol/vol) methane in the headspace.
Resin-extractable P was determined using resin-impregnated membrane strips (26) . Total N was determined using an elemental analysisisotope ratio mass spectrometer (2020; SerCon, United Kingdom), whereas NH 4 ϩ and NO 3 Ϫ were determined in a 1 M KCl extract (ratio 2:1) using a continuous-flow autoanalyzer (Skalar, Chemlab, The Netherlands). Total organic carbon content (TOC) was determined using a TOC analyzer (TOC5050A; Shimadzu, Japan).
DNA extraction. DNA was extracted from the starting material and the same material after incubation under conditions with the in situ methane concentration in triplicate using a Q-Biogene soil extraction kit (MP Biomedicals), according to the manufacturer's instructions, with a minor modification (27) : three additional washing steps with 5.5 M guanidine thiocyanate (Sigma-Aldrich) were introduced after elution with the binding buffer to minimize coextraction of humic acids. DNA extracts were stored at Ϫ20°C until further analysis.
pmoA-based microarray analysis. The microarray analysis was performed as described before (4, 27) , with a minor modification. We performed a nested PCR to prepare the target for the microarray probes: the first PCR (30 cycles) was performed using the A189f/A682r primer combination, and 1 l of PCR product was then used as the template for the subsequent PCR (30 cycles) using the A189f/T7_A682r primer combination. PCR was carried out in duplicate reactions for each DNA extract, and the PCR products were pooled during the cleanup step to minimize random errors. PCR was performed with three DNA extracts of each sample obtained from the starting material and after incubation (three independent batch incubations). Results are given as the averages of these triplicate analyses.
The microarray data were standardized against the mean total array intensity and then against the reference value for positive detection (4). The standardized microarray data were visualized as a heatmap, produced in R software, version 2.10.0 (28), using the heatmap.2 package implemented in the gplots package, version 2.7.4. Nonmetric multidimensional scaling (vegan package [29] ) was used to summarize overall differences. An indicator species analysis (labdsv package [30] ) helped identify probes indicative of specific habitats with a high probability (P Ͻ 0.05; Table 2 ).
Detection of other methanotrophs. Besides the microarray analysis, PCRs targeting Methylocella-like mmoX (31) , "Candidatus Methylomirabilis oxyfera"-like pmoA (32) , and Methylacidiphilum-like pmoA belonging to the phylum Verrucomicrobia (33) were performed (Table 3) .
RESULTS AND DISCUSSION
The abiotic environment and methane uptake. The methane concentrations in the mounds (20 to 35 ppm v ) were higher than atmospheric levels (Table 1) , as expected, and were comparable to the concentrations detected in other termite mounds (ϳ2 to 50 ppm v [20] ). The carbon dioxide concentrations (1.1 ϫ 10 4 to 2.4 ϫ 10 4 ppm v ) in the mounds were in the range detected in other Macrotermes mounds (0.25 ϫ 10 4 to 5.2 ϫ 10 4 ppm v ), but the carbon dioxide concentrations have been demonstrated to fluctuate diurnally in these types of mounds (34, 35) .
Preliminary batch measurements verified that M. falciger termites are a net methane source, while the mound material acted as a net methane sink (see Fig. S1 in the supplemental material). It remains unknown if any termites harbor methanotrophs, but so far, methane oxidizers have not been detected in the termite gut (2) . Hence, we focused on the methanotrophic potential in the mound material. Methane uptake showed a biphasic pattern (Fig.  1 ) when mound material was incubated under conditions with high (12% [vol/vol]) methane concentrations, suggesting induced methanotrophic activity (36) . Under these conditions, the potential for methane oxidation was higher around the active nest area (mound 1, 450 cm; mound 2, 150 cm; Fig. 1 ) and was detected only after 5 to 6 days in the reference soils. Although methane uptake was detected for other mound layers (Fig. 1) , the material from the active nest reacted faster (shorter lag phase; Յ2 days), reflecting a higher abundance of viable methanotrophs. In termite mound 1, material from layers below the active nest did not exhibit methane uptake even after 26 days (Fig. 1 ). This coincides with the higher ammonium concentrations (Table 1 ) but does not explain the lack of activity, as methane uptake was detected in the reference soil containing even higher total ammonium. While it has often been reported that ammonium inhibits methane oxidation (37, 38) , the reverse is true in some situations (39) . Indeed, sensitivity to ammonium differs among methanotrophs (40, 41) .
The methanotrophic community compositions in termite mound and reference soils were dissimilar ( Fig. 2 and 3 ; Table 2 ) and may explain the different responses of methane oxidation to soil ammonium concentrations. Methane uptake rates: incubation under conditions with in situ methane concentrations. Further incubations were performed using material from the active nest and the reference site under conditions with low methane concentrations (0.003% to 0.004% [vol/vol]) comparable to the in situ concentrations after preincubation under the same conditions (Fig. 4) . The methane concentration showed a linear decrease during preincubation and subsequent incubation, indicating steady state, and reflects the in situ uptake trends. Methane uptake rates, determined by linear regression, were nearly identical during preincubation and subsequent incubation in both mounds ( Table 1 ). The active nest materials showed different methane uptake rates, with mound 2 exhibiting values twice as high as those found in mound 1 (Table 1) . However, in both mounds, the methane uptake rate was significantly higher in the active nest material than in the reference soil (t test; P Յ 0.05). The methane uptake rates in the active nest materials and reference soils were determined to be 0.05 to 0.09 nmol g (dry weight [dw])
Ϫ1 h Ϫ1 and about 0.02 nmol g (dw) Ϫ1 h Ϫ1 , respectively. Hence, it appears that termite activity modifies the mound environment, enabling higher methane uptake.
Consistent with previous studies (11, 42) , methane uptake rates in incubations under conditions with in situ concentration (Fig. 4) were in the range (0.01 to 0.75 nmol g [dw] Ϫ1 h Ϫ1 ) found in various forest soils incubated under conditions with atmospheric methane concentrations. With largely comparable pHs, TOCs, and ammonium concentrations in mound materials exhibiting activity (Table 1) , termites increase soil moisture and elevate methane levels in the mound. Higher methane availability has an additional effect on population dynamics. While the methane concentration itself may favor some methanotrophs, according to the affinity of their MMO, higher concentrations also increase the energy flow through a population, affecting the dynamics of the community (43) . Methane was consumed in incubations under conditions with high methane concentrations. Besides atmospheric methane oxidizers, the mound material also harbored low-affinity methanotrophs, as confirmed by the microarray analysis (Fig. 2) . These methanotrophs may benefit during the wet season, when the increased soil water content may stimulate methane production. Hence, the mound material harbored a versatile methanotroph community capable of methane oxidation both at high and at low concentrations.
Methanotrophic community composition. A diagnostic microarray was used to determine the composition of methanotrophic communities in the starting material and after incubation (26 days) under conditions with in situ methane concentrations. The microarray analysis detects a wide range of known methanotrophs (44) , including species belonging to Verrucomicrobia (45) and the enigmatic methane oxidizers (Crenothrix ployspora [46] ). However, the microarray cannot detect methanotrophs lacking the pmoA gene; Methylocella and Methyloferula possess only the sMMO (47, 48) . Hence, in addition to pmoA, the mmoX gene belonging to Methylocella-like methanotrophs was targeted (Table 3) but was not detected (data not shown). Furthermore, we could not amplify the pmoA gene of verrucomicrobial methanotrophs and anaerobic methane oxidizers belonging to the phylum NC10 (Table 3 ; data not shown). Therefore, we focused on the pmoA gene, amplified using the A189f/ Table 1 ). The inset shows data for the first 5 days, demonstrating an earlier onset of methane uptake in the active nest material. Incubations for each profile were performed in triplicate, and the results are means Ϯ standard deviations.
T7_A682r primer combination, which covers the vast majority of methanotrophs (49) .
The methanotroph communities in the reference soils from both sites were dissimilar, but the compositions in the active nest material converged (Fig. 3) . The ordination suggests the selection of a specific community, likely as a consequence of termite activity. Furthermore, we performed an indicator species analysis (Table 2) (50) to identify methanotrophs that are indicative of the mound material. This analysis considered the relative abundance and frequency, among other parameters (50), of probes occurring in the different sites. Interestingly, type I methanotrophs represented by upland grassland soil clusters (high-indicator-value probes P_JR3.505 and P_JR3.593 [15] ), Methylobacter-like and Methylococcus-like methanotrophs, and pmoA2 were indicative of the active nest material. Previously, the upland grassland soil clusters were detected in other upland soils (15, 51) and thought to form the dominant population responsible for atmospheric methane oxidation in a desert soil (52) . However, they were rarely detected in methane-emitting environments and are not as strictly correlated with environments which act as a sink for atmospheric methane as the USC groups (5, 16, 27, (53) (54) (55) . Although putative atmospheric methane oxidizers (USC␥) (13) cluster within the Methylococcaceae, cultured Methylobacter and Methylococcus species have not been shown to oxidize methane at low or atmospheric concentrations; their role as atmospheric methane oxidizers remains elusive. However, it is not entirely unusual to codetect pmoA sequences belonging to these type I methanotrophs alongside putative atmospheric methane oxidizers, as was observed before (56, 57) . pmoA2, an isozyme of pmoA belonging to type II methanotrophs (Methylocystis-Methylosinus group [58] ), is also indicative of the mound, but the corresponding probe (LP21.436) had a relatively low indicator value ( 2   1  5  10  15  20  25  30  35  40  45  50  55  60  65  70  75  80  85  90  95  100  105  110  120  115  125  130  135  140  145  150  155  160  165  170  175  185  190 coccus-, and Methylocaldum-like methanotrophs and other uncultured soil clusters; Table 2 ) and type II methanotrophs, mainly characterized by Methylocystis species, was indicative of the reference soil. Furthermore, a discrepancy within the genus Methylobacter was detected in the active nest and reference soils (type Ia; probes LF1a.456, O_BB51.299, and Mb292; Table 2 and Fig. 2 ), but these methanotrophs represented only a minor fraction. Although the methanotrophs in the mound had developed from the indigenous methanotrophic community represented by the reference soil, it appears that termite activity selected for a specific community structure.
Overall, we show that termites modify their environment, allowing higher methane uptake. However, it is unclear if activity was confined to specific areas in the mound, but there was a tendency for higher activity in the active nest area. While the responses of methanotrophs to N amendments, methane, oxygen, and copper have been widely documented (7, 38, 59, 60) , their responses to biotic factors are less well known (8, 61) . Exemplifying the interaction of methanotrophs with their biotic environment, we provide a first insight into the methanotroph community and evidence for termite-facilitated selection/enrichment of the methanotroph community in M. falciger mounds. Hence, future studies resolving the active population which facilitates methane mitigation from termite mounds warrant attention. Table 1 ). Incubation conditions were similar during preincubation and the subsequent incubation. The methane uptake rates determined from linear regression during these incubations are given in Table 1 .
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